Since the discovery of a stable N-heterocyclic carbene (NHC), the use of NHCs in chemistry has 5 developed rapidly over the past two decades. These interesting compounds are predominantly employed in organometallic chemistry as ligands for various metal centers, and as organocatalysts for a variety of transformations. In particular, the NHC transition metal complexes have received a widespread attention, and a significant progress has been made in the development of group 4 NHC-complexes in the last few years. These group 4 NHC-complexes are of interest because of their unique structural properties, and 10 their potential application in organic transformations and catalysis. This review covers the superior design strategies for NHC ligands to stabilize early transition metals and well-defined group 4 metal complexes with mono-and multi-dentate NHC ligands. In this context, four types of NHC-complexes, i.e., carbonfunctionalized NHCs, nitrogen-functionalized NHCs, oxygen-functionalized NHCs and nitrogen/oxygenfunctionalized unsymmetric NHCs, are described. In addition, the use of group 4 NHC-complexes as 15 catalysts in olefin (co)polymerization, ring-opening polymerization of rac-lactide, copolymerization of epoxides and CO 2 , as well as hydroamination/cyclization of aminoalkenes, is presented. Furthermore, limitations and challenges are discussed.
Introduction
Since the isolation and characterization of the first stable N- 20 heterocyclic carbene (NHC), namely IAd (Fig. 1a) by Arduego and co-workers in 1991, 1 tremendous advances have been made in this area. Many different NHCs with various ring sizes, heteroatoms, ring backbones and N-substituents have been prepared. 2 Among these, the five-membered NHCs with adjacent 25 σ-electron-withdrawing and π-electron-donating nitrogen atoms (Fig.1b) next to the carbene carbon atom, are typical representatives of remarkably stable NHCs. 3 In its ground-state the lone pair of the carbene carbon atom is situated in the plane of the heterocyclic ring. This nucleophilic characteristic makes 30 NHCs good σ-donors, so they can bind to a wide range of metallic and non-metallic species, [4] [5] [6] and are also used in organocatalysis. 7 A concise overview of the properties and broad application of NHCs was recently summaried. but poor π-accepting capabilities, [9] [10] [11] [12] and nowadays they rival phosphines as ancillary ligands in the organometallic chemistry including the early transition and f-block metals despite their soft character. 3, 13 made in the development of group 4 NHC-complexes and these complexes have successfully been applied as promising catalysts in polymerizations and organic transformations.
This review will summarize the progress in the synthesis and catalytic activity of group 4 NHC-metal complexes, and is 5 organized by ligand and catalytic reaction types. However, main group, f-block and other d-transition metal NHC complexes are not included in this review because several excellent reviews have covered their synthesis and reactivity in recent years.
3,9,10,18-23 10 
NHC ligands for group 4 complexes 2.1 Design strategies for NHC ligands
In general, all NHC fragments reported in group 4 metal compounds carry the unique five-membered ring backbone, namely imidazol-2-ylidene or imidazolin-2-yliene. This ubiquity 15 is due to their strong donor properties, which are enhanced by the diversity of two substituents on nitrogen atoms that provide for some tunability of stereo/electronic effects ( Et) bound to the nitrogen atoms usually favor dimerization to 20 olefins (the Wanzlick equilibrium). 24 Traditionally, this problem was solved by use of two bulky substituents (e.g. Mes, Dipp) adjacent to the carbene carbon (L 8 -L 9 , Fig. 2 ). [25] [26] [27] [28] [29] [30] Nonetheless, the formed group 4 NHC complexes are sensitive to air and moisture.
<Figures 2-4 here>
A practical means for directing metal-NHC interactions is the covalent tethering of coordinating functional groups to the NHC 30 ligand system (Fig. 3) . In recent years, some NHC hybrid ligands have been successfully developed as auxiliary ligands to stabilize group 4 metals. The functional substituents of NHCs fall into three categories. The carbon-coordinated arms ( Fig. 4a ) comprise of both σ-donors (NHC 31 and phenyl 32, 33 ) and π-electron donors 35 (cyclopentadienyl, 34 indenyl 35, 36 and fluorenyl 35, 36 ), while nitrogen-containing functional groups (pyridine, 37, 38 imino, 39 amino [40] [41] [42] [43] , Fig. 4b ) and oxygen-functionalized substituents (alkoxy, [44] [45] [46] [47] aryloxy [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] , Fig. 4c ) tend to follow the same σ-binding mode. With the help of these functional side arms, the 40 NHC moiety is held in proximity of the group 4 metal center by one or more covalent tethers. This strategy allowed chemists to prepare more suitable NHC derivatives for early transition metals. In particular, some robust and air-stable group 4 complexes have been readily prepared from NHC-containing 45 multidentate ligands. 61 addition, the nature of the acceptor metal complex determines whether NHC or halide transfer occurs. 68 For example, treatment of (1, . 37 Unfortunately, most NHCs or their salts M-NHC cannot be isolated due to their rather poor stability. <Scheme 4 here> 40 As a two-electron donor, NHC can be used to stabilize the group 4 alkyl metallocene cations that are very active species or precursors for Ziegler-Natta catalysts. (Scheme 5) . 69, 70 The crystal structural parameters showed that the NHC is strongly σ-coordinated to the metal forming complexes (14), Hf (15)) and adopt an "in plane" arrangement (also see Fig. 5 ), while PMe 3 coordinates more weakly to the metal centers. This was also supported by 65 DFT calculations revealing that the NHC-adduct is more stable 65 18-electron structure, in contrast, the NHC-Ti complex 32 has 16 valence electrons, which is responsible for the poor stability.
Phenylene bis-NHCs
In recent years, Hollis and co-workers prepared a series of group 4 pincer NHC complexes via activation of an aryl C-H Complex 80 is an efficient catalyst in the polymerization of ethylene and propylene, which will be described below. 
Bis-amino

Aryloxy
Bis-aryloxy NHCs
The bis-aryloxy NHC ligand precursor, bis-phenol imidazolium is unstable and degrades to 1,2-disubstituted imidazol Na 2 (L 25 )* via an 1,2-benzyl migration at room temperature (Scheme 23).
Similar migration also occurs for the mono-aryloxy NHC system, 85 and the rate of migration is faster for aryloxy than for alkyl. 
Ring-opening polymerization of rac-lactide
The biodegradable polylactide (PLA) is an attractive polymeric material prepared from the ring-opening polymerization (ROP) of lactide in a controlled and stereoselective manner. 86 
Copolymerization of epoxides and CO 2
As an abundant, inexpensive, and nontoxic raw material, carbon dioxide has been used as a monomer to co-polymerization with formed, whereas seven-membered analogues were not.
Conclusions and perspective
Group 4 NHC-complexes can be prepared either by coordination of free NHCs to suitable metal complex or by alcohol or amine or 80 alkane elimination from NHC precursors (imidazolium salts).
These complexes have successfully been applied as promising catalysts in polymerizations and organic transformations. There is no doubt, with the right ancillary NHC ligands, this perspective will eventually become true.
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The Author Biography (2) a Average values for the two crystallographically independent molecules. This review summarizes the progress in the synthesis and catalytic activity of group 4 NHC-metal complexes.
